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ABSTRACT

Since construction of the Lake Chesterfield, Missouri in 1986, significant leaks
have occurred causing the lake to lose substantive volumes of water. Mitigation efforts,
have not solved the problem. Indeed, in June of 2017, the water level in Lake
Chesterfield dropped at an alarmingly rapid rate. Prior to authorizing additional
mitigation work, the Lake Chesterfield. Home Owners Association (LCHOA) decided to
acquire geophysical data across the drained and dry lake bed. These information would
help a geotechnical engineering firm determine the most appropriate mitigation plan.
In the summer of 2018, electrical resistivity tomography, multichannel analysis of
surface wave, and spontaneous-potential data were acquired across the dry lake bed. The
interpretation of the geophysical data indicates the top of weathered bedrock in the study
area. Bedrock in the study area can be subdivided into three layers: and upper weathered
layer; a more intensely weathered layer and relatively intact rock.
The Lake Chesterfield earth-fill dam was constructed on the upper weathered
layer of rock. The interpretation of the geophysical data suggests water leaks through
this upper layer of rock and into the intensely weathered layer. The water then flows
downstream to the north beneath the dam through three identified seepage pathways.
These pathways should be further investigated. If they are effectively grouted, leakage of
lake waters could be effectively minimized.
In the author’s opinion, the most effective mitigation strategy would be to grout
the porous permeable rock beneath the base of the dam.
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1. INTRODUCTION

Lake Chesterfield has been leaking continuously since it was constructed in 1986.
In the summer of 2018, electrical resistivity tomography (ERT), multichannel analysis of
surface waves (MASW), and spontaneous potential (SP) data were acquired across the
drained and dry lake bed. The primary objective was to identify existing and potential
seepage pathways.
The process of identifying current and potential seepage pathways would involve
mapping variable depth to the top of rock; identifying probable karst features, including
sinkholes and solution-widened joints; elucidating the geological and hydrological
setting; and determining the integrity of soil and rock. The development of an effective
mitigation strategy was not an objective of the initial geophysical survey, but was an
objective of this research.
The interpreted ERT data, supports the conclusion that increasing leakage of dam
site may be caused by water flow beneath the dam through weathered to intensely
weathered rock. Rock at elevations above 610 feet across most of the Lake Chesterfield
study area is mostly weathered. It is identified as highly permeable and prone to loss of
water due to seepage.
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2. RESEARCH APPROACH AND OBJECTIVES

The geophysical survey were acquired with the primary objective of identifying
current and potential seepage pathways. However, this researcher interpreted the data
with the goal of developing a mitigation strategy.
The overall aim of this research is to locate the current and potential seepage
pathways and recommend mitigation options to minimize seepage losses at Chesterfield
Lake. Realize these goals, two-dimensional (2-D) electrical resistivity tomography
(ERT), self-potential (SP) and surface wave (MASW) data were acquired across the
drained and dry bed along 17 separate traverses (Figure 1.1).The interpretation of the
geophysical data was constrained by aerial photographs, geologic maps, borehole data,
test pit data and grouting data.
The ERT, SP and MASW data were processed and interpreted with the following
objectives:
1. Recognition of geological and hydrological setting;
2. Mapping variable depth to the top of rock beneath the lake bottom;
3. Determining the shear-wave velocity of soil and rock.
4. Identifying probable karst features, including in-filled sinkholes and solutionwidened joints;
5. Identifying current and potential seepage pathway(s);
6. Developing recommendations to minimize leakage.
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Figure 2.1. Locations of traverses along which ERT and SP data were acquired at
Lake Chesterfield site.

4
3. SIGNIFICANCE OF RESEARCH WORK

This research will be of interest to those engaged in subsurface investigations in
karst terrain, to those working with the geophysical methods employed and to those
responsible for assessing leaking bodies of water and leaking earthfill dams. This
research is significant for several reasons:
1. It demonstrates the utility of acquiring multiple geophysical data sets and using
geotechnical data to constrain the interpretation to explore the conditions within the
lake bed.
2. Will be of interest to those engaged in mitigation of seepage issues.
3. Most extensive published geophysical data set focused on mitigation of leaking lake.
4. Recommendations, if employed, should minimize leakage from Lake Chesterfield.
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4. BACKGROUND

4.1. PROJECT AND SITE DESCRIPTION
The Lake Chesterfield is located in a subdivision called The Harbors at Lake
Chesterfield, west St. Louis County, in the southeast quadrant of the intersection of
Pierside Lane and Waterside Drive, adjacent to Highway 100 and Manchester Road in
Wildwood’s Ward 7. According to (WGS84 projection system), the coordinates of the
lake are (90o 36’ 40.53’’ W, 38o 34’49.43’’N). The Lake lies at the headwater of Caulks
Creek that flows north into the Missouri River (Figure 4.1). The dam and the lake were
designed by Geotechnology, Inc. Construction started in 1986 and finished in1987
(Figure 4.2). The dam is about (700 ft. long, 90 ft. wide, and 32 ft. high). A roadway was
constructed on the top (Figure 4.3). The lake surface area is acres in size at full pool and
covers about 23 acres during maximum flood with a maximum water depth of 20 ft.
Wildwood, where the Lake of Chesterfield is located, is bound by Chesterfield to
the north, Clarkson Valley in the east, Eureka and Pacific to the south, and Franklin to the
west. It is situated at the edge of the Ozarks Highlands physiographic region (Figure 4.4),
with an elevation averaging about 755 ft. and a total area of 67.08 square miles (66.42
square miles is land and 0.66 square miles is water). Wildwood gets 44 inches of rain/
year on average and it is located in a warm/humid continental climate region.
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Figure 4.1. Location map of the study area: the light red color region on the right represents Chesterfield located in the west
of St. Louis County, Missouri. The red arrow on the left represents the streamflow of the Caulks Creek.
(Source: https://d-maps.com/carte.php?num_car=43116&lang=en).

6

7

Figure 4.2. Aerial image of the study site, Lake of Chesterfield (Google Earth).
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Figure 4.3. Driveways constructed on the top Lake Chesterfield Dam: View of the North
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Figure 4.3. Driveways constructed on the top Lake Chesterfield Dam: View of the North
Dam.
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Figure 4.4. A map of the physiographic regions of Missouri (Missouri Department of Natural Resources, 2002).
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Figure 4.4. A map of the physiographic regions of Missouri
(Missouri Department of Natural Resources, 2002).
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4.2. STRATIGRAPHY OF STUDY SITE
According to the United States Geological Survey (USGS, 1990) database,
carbonate rocks (limestone and dolomite) are a common bedrock in Missouri (Figure
4.5). According to the Missouri Department of Natural Resources (MODNR, 2014),
intensely weathered bedrock is typically present beneath Missouri River bottoms. A
limestone rock outcropping is observing on the east bank of Caulks Creek in a few
hundred feet upstream of the North Dam (Figures 4.6). As determined in well logs data
(MODNR, 2018), limestone and dolomite have overlain by clay, silt, and highly
weathered limestone is the common stratigraphy at the study site (Figure 4.7).
The thickness of soil in the lake bed is typically about 10 ft. Soil consists of silty
clay liner underlain by clay with embedded chert gravel to clayey gravel on the top of
weathered rock (Figure 4.8). It is generally medium stiff to stiff. The soil is brown and
gray mottled and grades to clayey silt. Below the silty clay, red to reddish brown clay.
This stratum is a product of weathering of the underlying limestone and is noted as a
residual soil. It sits on the top of the native soil but is now part of the soil. The gravel was
generally tightly embedded in a clay matrix but occasionally occurred as seams. The clay
in the embankment and the foundation soil below the dam appeared reasonably tight with
a low potential for seepage.
Shallow rock can be divided into four layers: soil, an upper, mostly weathered
layer (absent or intensely weathered in places); intensely weathered rock (more
competent in places); and more intact rock (dissected by joints in places) (Figure 4.9).
The geophysical survey performed by Shannon & Wilson in 2004, a total of three survey
profiles were acquired. Approximate locations of the survey traverses are shown on

11
(Figure 4.10). Geophysical survey indicated that the area of weathered rock and clay is
greatest along the western half of Line 1 and the northern end of Line 2. Subsurface
conditions appear to be substantially better along the west side of the lake and improve
along Line 2 moving upstream from the dam (Figure 4.11).
Top of bedrock in the study area in proximity to the dam is typically at an
elevation of 645 feet and at a depth of about 10 feet (Figure 4.12). Three different rock
layers were identified based on the interpretation of ERT and MASW data and available
geotechnical reports: an upper mostly weathered rock (layer 2) that is absent in places
and intensely weathered in places (at elevation typically above 630 feet); an underlying
intensely weathered rock (layer 3) that is competent in places (elevations typically
between 610 and 630 feet); and a lower more competent layer (layer 4) that is dissected
by joints in places (at elevation typically below 610) (Figure 6.4). The author believes
bedrock is intensely weathered beneath the old Caulk’s Creek pathway. The author does
not believe bedrock to the west and east of the Caulk’s creek bed is so intensely
weathered. This conclusion is supported by the dye injection test that indicates water
flows beneath the dam and downstream along Caulk’s Creek. DA dye trace test was
performed after the lake level raised couple of feet. High strength uranine dye was poured
into the lake water along the dam location. Infiltration of dye was observed. Dye was
identified at Lewis Spring, which is found along Caulk’s Creek around 3.5 miles north of
the lake (Figure 4.13).
The upper layer of weathered rock was identified as top of rock by
Geotechnology and serves as the foundation of the dam. Strata Services, in contrast,
refers to both the upper layer and middle layer of rock as residuum. Strata Services
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reports that they were unable to effectively grout the upper and middle layer of rock in
places beneath the dam because of the rapidly flowing water. This observation by Strata
Services supports the author’s conclusion that water seeps mostly through weathered rock
beneath the dam (between layers 2 and 3).
4.3. CONSTRUCTION OF THE DAM
The dam lies at the north end of Lake Chesterfield and is about 25 feet high. It
was constructed in 1987 by damming Caulk’s Creek. The dam was designed with a core
comprised of selected clay fill that covered roughly the upstream quarter to third of the
dam cross section to limit seepage beneath the dam. The remainder of the dam was
constructed of earth fill includes portions of silt, sand and gravel along with the clay.
The designers of the dam recognized that the soil below the lake bed was highly
permeable and prone to loss of water due to seepage through the soil. To mitigate the
seepage potential below the dam, construction included placement of a clay-filled core
trench that extended 5 feet into rock, and the installation of a clay blanket (which is now
part of soil later on lake bed) along the lake bed to reduce seepage losses. Fill was placed
systematically in horizontal layers, such that when compacted it did not exceed 8 inches.
Each layer was of uniform material (rocks were smaller than 4 inches in diameter). The
clay core of the dam and the liner of the lake were constructed with low to moderately
plasticity silty clay and clay which is free of gravel (Figure 4.14).
The author believes the lake leaks when the weight of the overlying water
breaches the clay blanket, probably in places where the upper layer of rock is thin, weak
or absent and/or the underlying layer is intensely weathered. The water then flows
beneath the dam through this underlying layer of rock.
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According to the design report ‘Subsurface Exploration – Dams and Lakes’ by
Geotechnology, Inc. (Shannon & Wilson, Inc. 2005), a total of 17 test pits and 11 borings
were acquired for design and construction purposes. (Figures 4.15, 4.16, and 4.17). Based
on boring and test pits data, the designers of the dam concluded the top-of-rock was
typically at a depth of about 10 feet. They did not appreciate that the upper layer of
weathered rock is intensely weathered in places or that the upper layer of weathered rock
(layer 2; Figure 4.9) was underlain in places by a layer (layer 3; Figure 4.9) of even more
intensely weathered rock (Figures 4.9 and 4.11). Hence, the dam was constructed on
weathered rock at an elevation of about 640 ft.
The field exploration consisted of 17 test pits and drilling 11 borings in the
vicinity of the lake and dam. D1 indicates the boring was drilled below North Dam and
R1 indicates the boring was drilled below Reservoir 1 (North Lake). Drilling was
accomplished using rotary drilling and 6-inch hollow flight augers. Test pits were
excavated with a Ford 555 backhoe (Table 4.1).
4.4. PREVIOUS ISSUES
According to the report of ‘Subsurface Exploration – Dams and Lakes’ by
Geotechnology, Inc. (2005), three sinkholes (labelled 1, 2 and 3) were discovered in 1995
during grading for the lake and surrounding area. Two of these were located on the west
side of the lake (labelled as 2 and 3). One was located within the lake bed that extends
out from the eastern shore about 900 feet upstream from the dam (labelled as 1).
Approximate locations of the sinkholes are shown on (Figure 4.18). Grouting operations
were accomplished from the shore using vertical and inclined, drilled grout holes spaced
at intervals paralleling the eastern shore. Grout mixtures pumped into the grout holes
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consisted of a mixture of sand, cement, and fly ash. The sinkhole within the lake bed was
sealed using a graded rock filter to mitigate the potential for further ground loss. A
graded rock filter consists of layers of stone placed within the throat of the sinkhole. The
lowest layer consists of large stones wedged in the throat. Subsequent layers of stone are
smaller in size that each upper layer can bridge over the previous layer. The final layer is
small and choked with fine particles to prevent soil from flowing through it.
In 1995, Dye trace test was recommended by Strata Services to be performed after
the lake level raised couple of feet. High strength uranine dye would be poured into the
lake water along the dam location and observe for infiltration of dye. Water within
the lake was dye-traced and was identified at Lewis Spring, located on Caulk’s Creek
around 3.5 miles north of the lake. The conclusion that water flows mostly beneath the
dam is also supported by the results of the dye injection test (Figure 4.13).
In 1996, four additional holes along the north, east, and south perimeter of the
north sinkhole were made to significantly reduce the seepage rate, and a total of 1036
cubic ft. neat-cement slurry and 324- 10 cubic ft. sand-cement slurry was injected into the
sinkhole.
Five more boreholes on the east shoreline of the lake were drilled by Strata
Services, Inc. in 2000. Each of five drill holes was advanced to a total depth of 37 feet
utilizing air-rotary/ percussion techniques. Grout holes were drilled on six foot intervals
along the shoreline adjacent to the major suspect subsidence (holes #1 through #3).
(Holes #4 and #5) were drilled on five foot spacings along the eastern shoreline adjacent
to the smaller suspect subsidence feature. All holes were drilled in approximate 120
inclination, oriented towards the lake, to penetrate under the subsidence feature at depth.
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To seal the leakage associated with subsidence features, a total of 796 cubic ft. of neatcement group slurry and 486 cubic ft. of sand cement grout slurry was injected into the
subsurface area. It was expected that the completed drilling and grouting work should
seal, at depth, any leakage previously associated with subsidence features.
Another sinkhole (labelled as 4) developed on June 6, 2004 in the northeast of the
lake and drained the lake within a few days. It was accompanied by the formation of a
small sinkhole (labelled as 1) in May, 2004, which is located south of the previous
grouting efforts and approximately 1000 feet upstream from the dam (Figures 4.18 and
4.20).
Seventeen boreholes were drilled along the leakage area (Figure 4.19). The
reported sinkholes were grouted (by Strata Services, Inc.), after being treated by
excavated sinkhole down to intact rock and removing loose rock, then backfill the hole
with excavated soil. A total of 4144 cubic ft. of neat cement, and 1620 cubic ft. of sandcement were injected into the boreholes.
Five exploratory (SW-1 to SW-5) borings were drilled along the upstream side of
the North Dam crest in June, 2004 by Shannon & Wilson (Figures 4.19 and 4.20) to
determine the dam’s condition and explore for possible solution features in the bedrock
that could be connected. The borings (SW-1 to SW-5) were extended through the
embankment and foundation soil into bedrock. Boring locations were spaced at 40-foot
intervals and centered on the north-south line formed by the sinks and extended 20 to 30
feet into the bedrock (Figure 4.19). Standard penetration tests were performed at 5-foot
intervals. Significant voids on the order of 2 to 5 feet in height were encountered in the
eastern most borings. Water tests accomplished in each of the borings. The water test of
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SW-1 and SW-2 was good in general. These tests results indicated that the rock at the
two western holes (SW-1 and SW-2) was relatively tight with flow of a few
gallons/minute. In intervals where rock was present, flows of 25 gallons/minute was
observed. Test results cores from the remaining holes determined 25 GPM or more,
showing the presence of leakage. Additional voids were likely to be found to the east that
might be possible to construct a grout curtain through the dam to seal the voids.
On September 7, 2004, the excavation of the sinkhole began after the drilling and
geophysical surveys were finished. On September 22, 2004, limestone was found at an
approximate depth of 30 ft. A clay-filled joint, with (24 ft. long, 11 ft. wide, and at least
14 ft. deep) was detected. The joint continuously extends to northeast and finally enter a
void (with size approximately 6 ft. height and 3 ft. wide) oriented towards the northeast.
Another two smaller joints with higher elevation and a few ft. in length were found south
of the primary joint during the excavation. Water in two small joints can flow to the
primary joint. After further excavation, limestone bedrock walls were exposed along the
perimeter of a 30 ft. by 40 ft. area with the exception of 15 ft. along the northern
perimeter of the excavation.
On November 6, 2004, the backfill of flowable fill with a total of 289 cubic yards
began, and finished on November 10, 2004. The filling method used to fill up joints and
caves. The base of excavation was filled by several feet of imported high plastic clay.
Natural soil which consists of chert and limestone fragments was used to fill the rest of
the excavation. Along a large portion of the eastern shore of Lake Chesterfield, Shannon
& Wilson, Inc. investigated that the clay liner was missing. A total of 24 in. thick clay
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liner was placed by 8 in. thick lift each time and compacted by roller, then protected by
geotextile fabric and riprap.
In August 2004, Strata Services drilled 11 borings spaced at intervals of 20 ft.
increasing to 40 ft. at a distance of 180 feet from boring SW-1 for a total distance of 360
ft. (Figures 19 and 20). The bedrock surface was divided in the Strata Services borings to
lower elevations as the borings advanced to east and reached depths of 100 ft. The
weathered and fractured zones increased from a few feet to in excess of 10 ft. Water
leakage was evidenced by water loss into the subgrade along lineaments that trended
roughly N/S paralleling the eastern shore. Tight soil observed within and below the dam
transitioned to residual clay and weathered chert or limestone gravel.
Both Strata Services and Shannon & Wilson based on these conditions concluded
that the residual clay and gravel could not be effectively grouted sufficient to provide
complete closure. Strata Services referred to (layers 2 and 3 in Figure 4.9) as soil. This
implies dam was built on very weak rock at best. According to the figures presented in
the Shannon & Wilson report, it implies that the base of the North Dam was constructed
on weak rock and is at an elevation of approximately 640-645 ft. Joints extend to
elevations significantly below 610 ft. expected to serve as conduits for vertically
percolating or flowing lake and water may seep beneath the North Dam in places through
this weak rock.
In August of 2004, Strata Services, Inc. drilled 11 additional borings with
intervals from 20 ft. to 40 ft. In January and February of 2005, 7 secondary grout holes
with 10 ft. interval between primary holes were drilled (Figures 4.19 and 4.20). The
subsurface condition between borehole 1+60E and borehole 3+60E according to Strata
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Services, Inc.’s grout report, was unexpectedly deteriorated with 150 GPM or more
leakage rate. The residuum section appeared to become more gravelly and cobley with
decomposed limestone ledges and less clay. It thickened from approximately (15-30 ft.)
west of 1+60E to approximately (96 ft.) at 3+60E. Strata Services, Inc. reinforced the
lake by injecting 7479 cubic ft. sand-cement pozzolan slurry into 14 drill holes between
borehole 0+30E to borehole 1+60E and let Shannon & Wilson, Inc. take care of the
sinkhole remediation since condition of subsurface situated east of borehole 1+60E were
not applicable for grouting methods anymore. Before reaching limestone, the underlying
limestone zone appears to have deteriorated with strong solutioning, decomposed
limestone, fracturing, voids extending to a depth of approximately 111 ft. in hold 3+60 E.
Based on observations, geologic conditions in countered east of Hole 1+60 are not
applicable to cost-effective conventional grouting methods. This is critically important
because it indicates large volume of water flow through the porous permeable rock
beneath the dam. Strata Services reports that they were unable to effectively grout the
upper and middle layer of rock in places beneath the dam because of the rapidly flowing
water. This observation by Strata Services supports the author’s conclusion that water
seeps mostly through weathered rock beneath the dam.
After all grouting efforts were finished in August 2005, the water testing shows
only a 40 percent decrease in the permeability of the subgrade. Even the seepage rate was
significantly reduced but grouting did not effectively seal the lake. Lake leakage concerns
made Strata services, Inc. recommended additional 13 intermediate holes with 5-ft.
intervals to verify full closure. In numerous drilled boreholes, the grout was flushed by
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rapidly flowing water, which is very significant because it indicates that water was
flowing beneath the dam. Flow pattern are consistent with ERT interpretations.
Three ERT profiles used dipole-dipole arrays were acquired by Shannon &
Wilson, Inc. acquired for further exploration of subsurface (Figures 4. 21). Shannon &
Wilson designed and oversaw the implementation of a grouting program to plug the
sinkholes. Recommendations were made for repairing erosion along the east bank of the
lake, which included flattening the slope and adding a clay liner and riprap.
Assessment of the acquired geophysical data indicates that many of the karst
passageway beneath the surface was oriented NNE/SSW. It was treated by placing (2 to 3
in.) rock, capped with concrete, and backfilled with excavated soil.
4.5. CURRENT ISSUE
In 2017, or the second time in less than a decade, the lake drained naturally
(Figure 4.22). The water level dropped multiple inches per day in June 2017 according to
the Lake Chesterfield Homeowners Association (LCHOA).
Research indicated that the lake had been placed in a known karst area and had a
history of leakage. Many geophysical and geotechnical surveys were performed to
explore conditions within the lake bed to provide additional information regarding the
persistent leaks and intermittent draining of a 23-acre lake. The research examines
geophysical aspects of the area in an effort to determine the on-going causes leading to
persistent leaks and the draining of the water feature, and determine how best to restore
the water feature to its recommended depth and size. The lake was drained intentionally
for the exploration geophysical survey.

20

Figure 4.5. Generalized geologic map of Missouri (by Kbh3rd, 2011).
Source: https://commons.wikimedia.org/wiki/File:Missouri_Geology_Primary_
Rock_Types_v1.pngwiki/File:Missouri_Geology_Primary_Rock_Types_v1.png
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Figure 4.5. Geologic map of Missouri (by Kbh3rd, 2011).
Source: https://commons.wikimedia.org/wiki/File:Missouri_Geology_Primary_Rock_Types_v1.png
wiki/File:Missouri_Geology_Primary_Rock_Types_v1.png
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Figure 4.6. Geologic map of Missouri (Compiled by Edith A. Starbuc, 2017).

21

Figure 4.6. Geologic map of Missouri (Compiled by Edith A. Starbuc, 2017).
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Figure 4.7. Geologic map of Lake Chesterfield (extracted from geologic map of
Missouri Compiled by Edith A. Starbuc, 2017).

Figure 4.7. Geologic map of Lake Chesterfield (extracted from geologic map of
Missouri Compiled by Edith A. Starbuc, 2017).
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Figure 4.8. Well log 024175 (left) and well log 023103 (right).
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Figure 4.9. Sketch of the stratigraphy of the southern-northern direction in the study area. Three different rock layers were
identified based on the interpretation of ERT and MASW data and available geotechnical reports: an upper mostly weathered
rock layer that is absent or intensely weathered in places (at elevation typically above 630 feet) (layer 2); an underlying
intensely weathered rock layer that is competent in places (elevations typically between 610 and 630 feet) (layer 3); and a
lower more competent layer that is dissected by joints in places (at elevation typically below 610) (layer 4). Top of bedrock in
the study area in proximity to the dam is typically at an elevation of 645 feet and at a depth of about 10 feet.
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Figure 4.9. Sketch of the stratigraphy of the southern-northern direction in the study area. Three different rock layers were
identified based on the interpretation of ERT and MASW data and available geotechnical reports: an upper mostly weathered
rock layer that is absent or intensely weathered in places (at elevation typically above 630 feet) (layer 2); an underlying
intensely weathered rock layer that is competent in places (elevations typically between 610 and 630 feet) (layer 3); and a
lower more competent layer that is dissected by joints in places (at elevation typically below 610) (layer 4). Top of bedrock in
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Figure 4.10. ERT field investigations and digitization of Shannon & Wilson, 2005. Orange area represents the location of the
sinkhole that opened on June 4, 2004. ERT traverses represented by the green lines.
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Figure 4.10. Digitized version of the Shannon & Wilson’s surveys. Orange area represents the location of the sinkhole that
opened on June 4, 2004. ERT traverses represented by the green lines.
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Figure 4.11. The Shannon & Wilson, Inc ERT 2-D model, interpreted top of rock represented by red line. All three lines used
dipole-dipole arrays, Line 1 was acquired in 7 ft. interval, Line 2 and 3 were acquired in 10 ft. interval. Depths and elevations are
in feet.
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Figure 4.11. ERT 2-D model generated by Shannon & Wilson, Inc. from ‘Lake Chesterfield Exploration and Repair Summary
Report’, interpreted top of rock represented by red line. All three lines used dipole-dipole arrays, Line 1 was acquired in 7 ft.
interval, Line 2 and 3 were acquired in 10 ft. interval.
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Figure 4.12. Water flow direction at Lake Chesterfield site.
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Figure 4.13. Location map of the study area represent the streamflow of the Caulks Creek
and Lewis Spring, which is located along Caulk’s Creek around 3.5 miles north of the
lake (Google Maps).
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Figure 4.14. North Dam A-A cross section as generated by Geotechnology, Inc. from ‘Subsurface Exploration – Dams
and Lakes Report’ (1986).

Figure 4.14. North Dam A-A cross section as generated by Geotechnology, Inc. from ‘Subsurface Exploration – Dams
and Lakes Report’ (1986).
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Figure 4.15. North Dam and lake plan of site borings and test pits. Borings marked in red dots. Test pits marked as
green squares (extracted from 1986 dam design report generated by Geotechnology, Inc.).
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Figure 4.15. North Dam and lake plan of site borings and test pits. Borings marked in red dots. Test pits marked as
green squares (extracted from 1986 dam design report generated by Geotechnology, Inc.).
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Figure 4.16. North Lake plan of site borings and test pits. Borings marked in red dots. Test pits marked as green
squares (extracted from 1986 report generated by Geotechnology, Inc.).
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Figure 4.16. North Lake plan of site borings and test pits. Borings marked in red dots. Test pits marked as green
squares (extracted from 1986 report generated by Geotechnology, Inc.).
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Figure 4.17. Borrow area plan of site and borings. Borings marked in red dots (extracted from 1986 report generated by
Geotechnology, Inc.).
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Figure 4.17. Borrow area plan of site and borings. Borings marked in red dots (extracted from 1986 report generated by
Geotechnology, Inc.).

33

Table 4.1. Data pertaining to boring and test pits highlighted in Figures (4.15, 4.16, and 4.17).
Table 4.1. Data pertaining Surface
to boring and test pits highlighted
(4.15, 4.16, and
4.17).
DepthintoFigures
refusal/
Elevation

Boring or
test pit

at refusal/
termination
(ft.)

Elevation
(ft.)

termination
(ft.)

B-R1-3

661

10

651

B-D1-1

650

12

638

B-D1-2

645

9

636

B-D1-3

649

26.5

622.5

TP-R1-1

Not provided

10

TP-R1-2

Not provided

8

TP-R1-3

Not provided

3
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Figure 4.18. Locations of grout injection boreholes on site plan map of Shannon &
Wilson (Yellow dots). Green dots represent approximate locations of sinkholes.
Sinkholes are labelled as (1, 2, 3, and 4).
Figure 4.18. Locations of grout injection boreholes on site plan map of Shannon &
Wilson (Yellow dots). Green dots represent approximate locations of sinkholes.
Sinkholes are labelled as (1, 2, 3, and 4).
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Figure 4.19. Approximate boring locations at study site based on Shannon & Wilson
site plan. Five exploratory borings (SW-1 to SW-5) were drilled along the upstream
side of the dam crest by Shannon & Wilson. Boring locations were spaced at 40-foot
intervals and centered on the north-south line formed by the sinks and extended 20 to
30 ft. into the bedrock. Standard penetration tests were performed at 5-foot intervals.
Additional 11 borings were drilled by Strata Services spaced at intervals of 20-feet
increasing to 40-feet at a distance of 180 ft. from boring SW-1 for a total distance of
360 ft.

Figure 4.19. Approximate boring locations at study site based on Shannon & Wilson
site plan. Five exploratory borings (SW-1 to SW-5) were drilled along the upstream
side of the dam crest by Shannon & Wilson. Boring locations were spaced at 40-foot
intervals and centered on the north-south line formed by the sinks and extended 20 to
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Figure 4.20. Digitized version of the Shannon & Wilson’s surveys. ERT traverses represented by the green lines. Orange area
represents the location of the sinkhole that opened on June 4, 2004. Orange circles represent the locations of other sinkholes.
Green marks represent the locations of 17 borings drilled by Strata Services.
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Figure 4.20. Digitization version of the Shannon & Wilson’s surveys. ERT traverses represented by the green lines. Orange
area represents the location of the sinkhole that opened on June 4, 2004. Orange circles represent the locations of other
sinkholes. Green marks represent the locations of 17 borings drilled by Strata Services.
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Figure 4.21. ERT 2-D model generated by Shannon & Wilson, Inc., from ‘Lake Chesterfield Exploration and Repair Summary
Report’. Interpreted top of rock represented by red line. Data are consistent with acquired ERT data. Joints extend to elevations
significantly below 610 feet expected to serve as conduits for vertically percolating or flowing lake and water may seep beneath
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Figure 4.21. ERT 2-D model generated by Shannon & Wilson, Inc., from ‘Lake Chesterfield Exploration and Repair Summary
Report’. Interpreted top of rock represented by red line. Data are consistent with acquired ERT data. Joints extend to elevations
significantly below 610 feet expected to serve as conduits for vertically percolating or flowing lake and water may seep beneath
the North Dam in places through this weak rock. Elevations and depths are in feet.
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Figure 4.22. Lake Chesterfield after recent drained leaving behind a big, muddy
indentation developed by the shrinkage.
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5. OVERVIEW OF KARST IN MISSOURI

Karst features are predominant nearly all through Missouri (Figure 5.1). The
ground surface has been broadly influenced by the arrangement of various karst features:
caves, springs, sinkholes, and losing streams, cherty clay residuum, etc. As expressed by
Ismail and Anderson (2012), sinkholes are formed when carbonic corrosive from climatic
carbon dioxide, show in water, permeates descending into the subsurface and breaks up
carbonate bedrock, broadening breaks and joints into cavities that in most cases were infilled with piped fine-grained soil as they created, coming about in gradual subsidence at
the surface.
Karst features may or may not be effectively recognizable on the surface,
but regions where the surface bedrock is limestone or dolomite have a high probability of
karst development. Karst zones commonly need surface water and have various stream
beds that are dry but amid periods of high runoff. These regions have internal drainage;
streams flow into the closed depressions called sinkholes where there's no surface outlet.
A normal sinkhole is bowl molded, with one or more low spots along its bottom. In a
few cases a swallow hole, may be displayed at the bottom of the sinkhole where surface
water flows underground into fractures or caves (Figure 5.2). Water may enter a karst
aquifer along streams that flow over karst zones and vanish from the surface. A stream of
this sort is known as a sinking stream and in a few cases it may lose water along
a significant portion of its length. Within the subsurface, the capacity and flow of
groundwater is controlled by the porosity and permeability of the rock.
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Acquired geophysical data at the study site implies that rock at elevations of
between (610 ft. and 630 ft.) at the study site is comprised mostly of moist
weathered/fractured limestone with significant clay infill to moist intensely
weathered/fractured limestone with significant clay infill. According to Strata Services,
INC. report, these zones were capable of transporting hundreds to possibly thousands of
gallons/minute of leakage from the lake basin area into void space within the underlying
residuum and limestone bedrock. This probably serves as a conduit for laterally flowing
groundwater (including seepage from lake) due to solutioning of the limestone bedrock.
5.1. WHAT IS KARST?
According to the definition of the United States Geological Survey (USGS) karst
is "a terrain with distinctive landforms and hydrology produced primarily through the
dissolving of rock, such as limestone, dolomite, marble, gypsum, and salt. Features of
karst landscapes incorporate sinkholes, caves, large springs, dry valleys and sinking
streams. These landscapes are characterized by effective flow of groundwater through
conduits that gotten to be bigger as the bedrock breaks up. In karst areas, water
commonly drains quickly into the subsurface at zones of recharge and after that through a
network of fractures, partings, and caves, emerges at the surface in zones of release at
springs, leaks, and wells. The appearance of karst changes from place to place, with
diverse features having more prominent or lesser unmistakable quality concurring to local
hydrogeological factors. Even old or paleokarst that's buried beneath other rocks and silt
and isn't uncovered at the surface can have an impact on surface land use.
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Figure 5.1. Karst-related features in Missouri.
(Missouri Department of Natural Resources, Division of Geology and Land Survey).
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Figure 5.2. Types of karst features in the study site (Shannon and Wilson. INC.).
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5.2. HOW KARST FORMS?
Karst forms as water breaks down dissolvable bedrock. In spite of the fact that
water alone can break down salt and gypsum. However, limestone, dolomite, and marble
are less solvent and require acidic water (Figure 5.3). Carbonic acid may be a naturally
occurring acid that's exceptionally common in groundwater. This acid is made when
water falling through the atmosphere takes on a little amount of carbon dioxide. As the
acidic water passes through soil, the water retains extra carbon dioxide and gets to be
more acidic. Acidic water promptly dissolves calcite, the foremost mineral in limestone
and marble, and a vital mineral in dolomite. Acidic groundwater moving through
fractures and other spaces inside the rock continuously changes little openings making
huge sections and systems of interconnected conduits. Solution sinkholes frame by
dissolving the bedrock at the surface descending as surface water is captured and
occupied underground.
Most flow and broadening take place at or fair underneath the water table, the
level underneath which the ground is saturated with water. The circulation of water and
bedrock disintegration are most prominent there since fractures are associated and most
open, while underground spaces tend to be progressively narrower and smaller with
depth. Where these openings are broken up expansive sufficient to permit human
passage, they are called caves.
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Figure 5.3. Schematic illustration of karst system formation process (Modified after
Goldscheider and Drew, 2007).

5.3. WATER FLOW THROUGH KARST
Karst systems have a high degree of heterogeneity and anisotropy, which makes
them carry on exceptionally in an unexpected way from other aquifers. Moderate leakage
through the rock matrix and quick flow through conduits and fractures result in a high
variation in spring reaction to precipitation occasions. Contaminant storage happens
within the rock matrix and epikarst, but contaminant transport happens for the most part
along preferential pathways that are ordinarily blocked off areas, which makes modeling
of karst systems challenging. Computer models for understanding and foreseeing
hydrodynamics and contaminant transport in aquifers make assumptions around the
dispersion and water hydraulic properties of geologic features which will not
continuously apply to karst aquifers.
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Karst aquifers have complex characteristics that make them diverse from other
aquifers (Bakalowicz, 2005). They shape in dissolvable rocks, such as dolomite and
limestone, and the disintegration process makes complex systems of preferential
flow pathways that are difficult to find. Flow inside the aquifer ranges from Darcian to
turbulent depending upon the relative commitment and transaction of matrix, break and
conduit penetrability (Burdon and Papakis, 1963). The estimation of
groundwater flow and solute transport is a basic component of conservation, management
and protection of aquifers against contamination.
A karst aquifer is typically characterized by sinkholes, caves, springs, conduits
and underground drainage systems (Figure 5.4) formed by dissolution, internal drainage,
and collapse processes. Appropriate quantitative appraisal of flow and transport forms in
these aquifers requires information on recharge characteristics and area of major conduits
systems. The way in which invading water is transmitted through the system moreover
controls system response to recharge. The karst conduit system involves as it were a
small portion of the overall aquifer porosity but may have a major effect on the pressure
driven behavior of the karst system.
The comprehensive physical system displayed by White (2003) incorporates the
basic components for mathematical models in karst aquifers (Figure 5.5). It outlines how
the water and substances within the groundwater framework are included, stored,
transmitted, and released from the aquifer. Recharge, capacity, and transmission
properties control the behavior of karst aquifers. Karstic regions regularly need surface
water since karst bedrock are highly permeable. Runoff is stored in surface depressions
after storms and inside runoff happens through sinkhole channels. Sometime recently
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infiltrating through the matrix framework, precipitation water can be stored within the
epikarst for a couple of weeks. Local perched aquifers that will exist over nearby less
porous beds are elevated over the regional water table and can discharge into the regional
karst aquifer through vadose shafts and break frameworks.
The conduit system exchanges the collected water with the encompassing
fractures and network and transfers it towards springs (Ghasemizadeh, R., Hellweger, F.,
Butscher, C., Padilla, I., Vesper, D., Field, M., & Alshawabkeh).
Infiltration into an aquifer takes after the arrangement of soil and epikarst, vadose
zone (vertical Infiltration through a network of fissures and conduits), and phreatic zone.
Epikarst may delay recharge and capture the rainfall water by draining, storing,
infiltrating and channeling it into the karst framework through either vertical fractures or
shafts or scattered infiltration, which may diminish the amount of time accessible for
evaporation. Concurring to White (1977), major recharge sources are surface water
infused by sinking streams, waste from sinkholes and depressions, and infiltration of
precipitation through the soil into the epikarst and after that through the rock network or
along fractures to the saturated zone.
Most karst system discharge is through a predetermined amount of springs (Ford
and Williams 2007). Underflow springs persistently discharge, and overflow springs are
those that only discharge at times of high flow such as storms or flooding situations
(Worthington 1991). Based on the flow conditions, the conduit scheme can function as a
source or sink for the matrix. Regional flow happens mainly in conduits under base flow
circumstances in a karst aquifer with a well-developed conduit scheme. Dispersed
infiltration is exchanged through laminar Darcian flow within the network to a nearby
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conduit and after that by and large flow is passed on (regularly turbulently) through the
conduit network to springs. In differentiate, during flood conditions the drainage is from
pressurized conduits to the matrix, which is comparable to bank capacity in surface
streams.
According to Anderson, N. (2017) and based on the interpreted geophysical data,
the solution-widened joints appear to extend beneath the North Dam due to solution of
the carbonate rocks. These are locations where water probably seeps through rock
beneath the North Dam. In places at the study site, rock is dissected by near-vertical
solution-widened joints (pre-existing fractures widened over time by the dissolution of
limestone by slightly acidic groundwater). These near-vertical solution-widened fractures
probably serve as conduits for laterally (and perhaps vertically) flowing groundwater
(including seepage from lake).

Figure 5.4. Conceptual model of karst aquifer (White 2003).
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Figure 5.5. Conceptual scheme for a karst aquifer (White 2003).
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6. GEOPHYSICAL METHODS

Geophysical methods can serve as a rapid reconnaissance tool to further explore
conditions within the subsurface, and to investigate karst terrain because of their
advantages unlike conventional techniques (such as boring and drilling). Geophysical
methods are noninvasive, less expensive, less time consuming, and low potential of
collapse risks in karst terrain through investigation. A survey can be conducted to provide
additional information regarding the physical anomalies in the subsurface that may be
caused by karst features. Geophysical methods require an experienced professional to
interpret the collected data. Geophysical techniques, owing to the variability in physical
properties of karst terrain can be effective in detecting variable bedrock surface, soils
with high clay content, determining soil moisture content, estimating the engineering
properties of soil and rock, and detecting the groundwater pathways. Data along the Lake
Chesterfield bottom and adjacent to the north dam, were acquired using electrical
resistivity tomography (ERT), spontaneous-potential (SP), and multichannel analyses of
surface waves (MASW) techniques along a grid of 17 traverses in the northern section of
Lake Chesterfield (Figure 6.1). The data were acquired along all of the traverses after the
lake has been fully drained. The geophysical data were acquired in this study with the
expectation that the interpretations of the ERT, MASW, and SP data will provide
investigators with a more reliable image, a better understanding of the shallow subsurface
beneath the study site and provide a cost-effective solution, and a relatively rapid means
of determining the potential seepage zones connected with karst features, including the
location of shallow bedrock and significant cavities in the soil or bedrock.
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Figure 6.1. Google image of Lake Chesterfield study site. ERT and SP data were
acquired along a total of 17 separate traverses (labelled 1-17; highlighted in red).
MASW data were acquired at 11 separate locations (labelled MASW 1-MASW 11).
The two zones (A and B) designate as anomalously low resistivity on ERT profile 13
acquired to the south of the North Dam, where larger volumes of water are most likely
to be seeping through the rock beneath the North Dam.

Figure 6.1. Google image of Lake Chesterfield study site. ERT and SP data were
acquired along a total of 17 separate traverses (labelled 1-17; highlighted in red).
MASW data were acquired at 11 separate locations (labelled MASW 1-MASW 11).
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6.1. ELECTRICAL RESISTIVITY TOMOGRAPHY (ERT)
The Electrical Resistivity Tomography (ERT) technique is widely used for
imaging and mapping the subsurface at variable depths among areas with karst activity
(Psomiadis et al. 2009). ERT data were acquired at Chesterfield study site to explore
conditions within the lake bed; map variable depth to the top of rock; identify probable
karst features at study site, including in-filled sinkholes and solution-widened joints; and
detect the potential seepage zones and pathways of water through the karst features.
6.1.1. Data Acquisition. ERT data were acquired with drained and dry lake at
low level. Data acquisition at the study site used 168-channel (AGI) SuperSting
resistivity imaging system coupled to electrodes spaced at 5 foot intervals (Figure 30).
The system uses an array of 56-channel marine connected to a switch-box and earth
resistivity meter where ponded water was present. Data were acquired along total of 17
survey traverses were performed using dipole-dipole resistivity array configuration to
produce a more reliable and high quality ERT data. The locations of the survey traverses
are shown in (Figure 6.2).
6.1.2. Data Processing. The acquired ERT data were processed using Res2DInv
inversion software by Geotomo to generate the 2-D resistivity profiles (Loke and Barker,
1995). The software used an inversion technique to visualize a model of the subsurface
geology using Golden software Surfer. Table in (Figure 6.3) presents typical resistivity
values for various earth materials.
The ground resistivity is related to various geological parameters, and mostly
controlled by mineral and fluid content, porosity and degree of water saturation in the
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rock. Data can be processed for a quick assessment. Generally, the output of a 2D survey
is a 2-D pseudo-sections and a 2-D resistivity model of the subsurface.

Figure 6.2. a) SuperSting resistivity imaging system. b) Supersting
resistivity unit that used in ERT data acquisition at Lake Chesterfield site.
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Figure 6.3. The resistivity of common rocks, soils and minerals (Loke, 2004).

6.1.3. Data Interpretation. Seventeen ERT profiles were acquired at the Lake
Figure 6.3. The resistivity of common rocks, soils and minerals (Loke, 2004).
Chesterfield study (Figure 6.1). Based on the assessment of the acquired ERT data, the
following interpretations are made:
1. Moist clayey soil is present throughout the study site. It’s typically characterized
by resistivity values of less than 45 Ohm-m. Resistivity values less than 75 Ohmm typically characterize to moist intensely weathered/fractured limestone with
significant clay infill. Resistivity values between (75 and 250 Ohm-m)
characterize the moist weathered/fractured limestone. More intact and/or drier
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limestone is typically characterized by higher resistivity values greater than (250
Ohm-m) (Figure 6.4).
2.

As interpreted on the ERT profiles, the top of weathered rock, correlates
reasonably well with the 45 Ohm-m contour interval. It is relatively consistent
with top of weathered rock elevations based on test pit termination depths or
backhoe refusal depths cited in (the Geotechnology section of the report prepared
by Shannon & Wilson). The top of weathered rock does not appear to be
consistent with the top of rock as cited in the Strata Services section of the
Shannon & Wilson report. As identified on the interpreted MASW shear-wave
velocity profiles which is characterized by velocities that are more consistent with
residuum (stiff soil) than solid rock, the Strata Services section encountered the
shallow weathered rock at the Geotechnology test pit termination depths and
backhoe refusal depths is referred to as residuum. The top of rock, based on the
termination depths of Geotechnology test pits, is at elevations of 652, 642 ft.
respectively.

3. Neither Geotechnology nor Strata Services identified an absolute elevation for top
of rock. Geotechnology (using backhoes and augers at a few locations) identified
the weathered limestone (typically at shallow depths; ~10 ft) as top of rock. Strata
Services drilled through this upper layer (using rotary drill) when they attempted
to grout beneath the crest of the dam. Strata Services referred to upper two
shallow rock units as residuum (rock weathered to the point where it should be
classified as soil). On ERT profiles, the top of rock picked at the same depth as
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Geotechnology. On MASW profiles, the shallow rock (mostly) has a shear wave
velocity consistent with that of soil.
4. In ERT profiles, the interpreted top of weathered is relatively consistent with the
top of weathered rock as identified on the interpreted MASW shear-wave velocity
profiles. This difference can be related to the fact that the interpreted top of
weathered rock in ERT is characterized based on the resistivity contrasts, while in
MASW the interpreted top of rock is characterized based on acoustic velocity
contrasts and vertical resolution on the MASW 1-D shear-wave velocity profiles
is lower than on ERT data; therefore, ERT, MASW and boring estimates of depth
to top of rock can differ.
5. The interpreted data indicated that rock beneath subsurface is dissected by nearvertical zones of prominent lineaments. The interpreted lineaments trend NNESSW and W-E (Figures 6.5, 6.6 and 6.7). It is characterized typically to elevations
near or below 610 ft. where solution-widening has occurred and bedrock is more
intensely fractured.
6. Based on ERT data, rock quality increases with depth of burial (except in upper
two layers). Rock at elevations below 610 ft. is characterized mostly by resistivity
values higher than 75 Ohm-m. It classified as either moist weathered/fractured
limestone or intact and/or drier limestone. Rock at elevations above 610 ft.
appears to be stratified. It is characterized by resistivity values significantly less
than 250 Ohm-m and is classified as either moist intensely weathered/fractured
limestone with significant clay infill or moist weathered/fractured limestone.
Rock at elevations between 610 and 630 ft. is more extensively weathered and
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could be more susceptible to leaching and weathering and could represent a
conduit represent a conduit for laterally flowing groundwater (including seepage
from lake). The Strata Services section of the Shannon & Wilson report classified
the more intensely weathered rock above elevations of 610 ft. as stiff soil and
described it as mostly residuum.
7. Rock at elevations above 610 ft. is typically characterized by lower resistivity
values than rock at elevations below 610 ft. except at the locations described
below in (Figures 6.8). These zones are characterized by resistivity values below
75 Ohm-m which could represent significant past or current pathways for
vertically and/or horizontally flowing groundwater. Two low resistivity zones are
identified on ERT and interpreted as potentially significant seepage pathways
beneath the North Dam (Figures 6.8, 6.9, 6.10).
8. At elevations above 630 ft. small sinkholes may develop where lake waters are
able to flow vertically through the overlying weathered rock and into the
underlying interpreted horizontal conduits.
9. Rock at elevations below 610 ft. across most of the surveyed area is characterized
by higher resistivity values in excess of 75 Ohm-m. However, in places, rock at
elevations below 610 ft. is characterized by resistivity values below 75 Ohm-m.
These low resistivity zones could represent significant past or current pathways
for vertically and/or horizontally flowing groundwater (including seepage from
lake). However, the author believes relatively little water flows vertically into the
clay-filled solution-widened joints.
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10. Vertical joints narrow with depth and tend to become plugged with clay over
time. Some water (relatively small amounts) undoubtedly does seeps vertically
into the subsurface along solution-widened joints (to significant depth). However,
if large volumes of water flowed vertically into the subsurface, relatively little
water would flow beneath the dam (and significant water does flow beneath the
dam). The author believes that grouting beneath the dam is useless because
significant volumes of water flows vertically into the subsurface (instead of
horizontally beneath the dam).
11. Sinkholes may develop where lake waters are able to flow vertically through the
overlying clay liner into the underlying interpreted horizontal conduits in
weathered rock.
6.2. MULTICHANNEL ANALYSES OF SURFACE WAVES (MASW)
The MASW data were acquired in Lake Chesterfield using a 17 separate traverses
at 11 different locations. MASW data were acquired to map variable depth to the top of
rock; to determine variations in the shear-wave velocity of rock generate 1-D shear-wave
velocity profiles to depths that extended of 50 feet to determine variations in the shearwave velocity of soil; determine variations in the shear-wave velocity of rock; and map
variable depth to the top of rock.
6.2.1. Data Acquisition. A twenty-four channel engineering seismograph, 4.5
Hz geophones spaced at 2.5 foot intervals (62.5 ft. geophone array) and a sledge hammer
source discharged 20 feet from the first geophone were used to acquire MASW data.
MASW data could not be acquired where the soil was muddy or where ponded water was
present.
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6.2.2. Data Processing. The acquired MASW data was used to generate a
dispersion curve record transformed later into a 1-D shear-wave velocity profile during
data processing. Data was processed using Surfseis software developed by the Kansas
Geologic Survey. Inasmuch as the MASW data were acquired using a 62.5 ft. long array
of geophones, the output 1-D shear-wave velocity profile depicts how the average shearwave of the subsurface varies over the entirety of the array. It does not represent the
shear-wave velocity of the subsurface at a specific point. By convention, the output 1-D
shear-wave velocity profile is plotted at the midpoint of the geophone array.
6.2.3. Data Interpretation. For interpretation purposes, soil and rock are
differentiated based on the calculated shear-wave velocity using the NEHRP (National
Earthquake Hazards Reduction Program) (Table 6.1).

Table 6.1. Site classification definitions as guidelines (established by the U.S. Congress
in 1977). The NEHRP Site Classification definitions are based on the calculated shearwave velocity and are as follows:

59
The output seismic records for acquired data at (11 MASW locations) were
generated (Figure 6.11). The corresponding dispersion curves of (1-D shear-wave
velocity profiles) are presented (6.12). Some interpretations were made based on the
assessment of the acquired ERT data:
1. The MASW-based estimates of soil thickness correlate reasonably well with the
ERT-based estimates of the soil. Shear-wave velocities less than 1000 ft/s usually
characterize the upper layer of soil in the study area and are reliable within
plus/minus a few hundred feet per second (Figure 6.13). According to the NEHRP
classification system (Class C), very dense soil and soft rock are characterized by
shear-wave velocities greater than 1200 ft/s (Figures 6.13 and 6.14).
2. On the 1-D shear-wave velocity profiles, shear-wave velocity greater than 1000
ft/s represent the top of weathered rock. The depth to top of weathered rock is
estimated using MASW on the basis of acoustic velocity and correlate reasonably
well (+ 5 ft.) with the Geotechnology section of the Shannon & Wilson report and
the ERT top of weathered rock estimates that were selected on the basis of
resistivity.
The top of weathered rock as cited in the Geotechnology section of the report
does not appear to be consistent with the top of rock as cited in the Strata Services
section of the Shannon & Wilson report. In the Strata Services section of the
report, the shallow weathered rock encountered at the Geotechnology test pit
termination depths and backhoe refusal depths is referred to as residuum.
3. According to the NEHRP classification system (Class B), rock is characterized by
shear-wave velocities greater than 2500 ft/s. On the 1-D shear-wave velocity
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profiles, shear-wave velocity greater than 2500 ft/s represent the top of intact
rock. Depth to top of intact rock that was estimated using MASW correlates in a
general sense with the ERT estimates of depth to the top of intact and/or drier
limestone (Figure 6.15 and Table 6.2).
4. On the upper 5+ ft. of weathered rock, shear velocity is typically greater than
1000 ft/s. On many of the 1-D shear-wave velocity profiles, the (5 to 15) ft. of
weathered rock immediately beneath this upper layer is characterized by lower
shear-wave velocities and hence, are probably more intensely weathered, which is
consistent with the interpretation of the ERT data where rock between elevations
of (610 and 630) ft. is typically characterized by lower resistivity values than rock
at elevations above 630 ft. and below 610 ft. According to the NEHRP
classification system (Class D), the (5 to 15) ft. of intensely weathered rock
beneath this upper layer would be classified as stiff soil with clay infill.
6.3. SPONTANEOUS POTENTIAL (SP)
Self-Potential (SP) is a geophysical technique adapted for hydrogeological and
water engineering applications. SP field surveys are conducted by measuring the potential
difference between any two points on the ground created by normally delivered flows
that happen underneath the Earth’s surface, which can be mapped to image leakage
through a karst system beneath the subsurface. At the Lake Chesterfield site, (SP) data
were acquired along 17 separate traverses. The data were acquired in the study site to
identify potential seepage pathways in the subsurface to a depth in excess of 60 ft. prior
to a second phase of grouting.
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6.3.1. Data Acquisition. The SP data were acquired using an AGI SuperSting
system between a pair of non-polarizing electrodes (base and lead) that contact points on
the surface of the earth. The SP data was acquired at 10 foot intervals along traverse. The
electrodes were used along with a high-input impedance voltmeter (~ 2 * 106 ohm.) that
was used to measure the potentials. The base electrode was coupled to a location
approximately 100 ft. landward in the west bank of the Lake Chesterfield reservoir. The
base station location was several hundred feet from any built structure and in an area
where there were no buried utility lines. SP data were not acquired where ponded water
was present. The SP data were acquired (approximately) on a 30 ft. by 20 ft. grid.
6.3.2. Data Processing. The acquired SP data were processed and plotted using
Golden Surfer software. SP readings in millivolts were taken with respect to a base
station through the selected grid area.
6.3.3. Data Interpretation. In acquired spontaneous potential data, prominent
negative anomalies characterize areas where moisture is seeping vertically into the
subsurface. Based on the assessment of the acquired SP data, the following
interpretations are made:
1. In the (SP1 area), moisture is interpreted to be seeping vertically into the
subsurface (Figures 6.16 and 6.17) which is dissected by prominent ERT
anomalies with interpreted W/E and NNE/SSW lineaments that are located in the
SP1 area (Figure 6.19).
2. In the (SP2 area), moisture is interpreted to be seeping vertically into the
subsurface is dissected by two prominent ERT anomalies with interpreted W/E
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and NNE/SSW lineaments that are located in the (SP2 area) (Figures 6.16 and
6.17).
1. SP data were not acquired in an area where ponded water was present
(highlighted in black at (Figures 6.16 and 6.17).
2. In the (SP3 area), moisture is dissected by a prominent interpreted NNE/SSW
lineament. It is interpreted to be seeping vertically into the subsurface (Figure
6.18).
3. The interpretations of the SP data and ERT data are consistent. SP anomalies are
observed in areas where ERT anomalies are present. However, some of the ERT
anomalies described in the interpretations are not characterized by a prominent SP
anomaly (Figure 6.19).
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Figure 6.4. W-E interpreted ERT profile 14. (2-D ERT profile 14). The interpreted top of weathered rock (highlighted by white
line) correlates well with the 45 Ohm-m contour interval. Moist clayey soil is characterized by resistivity values of less than 45
Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is characterized by resistivity values less than 75
Ohm-m. Moist weathered/fractured limestone is characterized by resistivity values between 75 Ohm-m and 250 Ohm-m. More
intact and/or drier limestone is characterized by resistivity values greater than 250 Ohm-m. Distances and elevations are in feet.
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Figure 6.5. NNE/SSW-oriented 2-D ERT profiles 1-12 start approximately at the same
latitude/ northing. Distances and elevations are in feet. The interpreted top of
weathered rock correlates with the 45 Ohm-m contour interval (dashed white line).
Interpreted lineaments have been superposed (solid red lines).

65

Figure 6.6. W-E oriented 2-D ERT profiles 13-17 start approximately at the same
latitude/northing. Distances and elevations are in feet. The interpreted top of weathered
rock correlates with the 45 Ohm-m contour interval (dashed white line). Interpreted
lineaments have been superposed (solid red lines).
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Figure 6.7. Lake Chesterfield study site (in the middle). NNE/SSW-oriented 2-D ERT profiles 1-12 start approximately at the same
latitude/northing (to the right). W-E oriented 2D ERT profiles 13-17 start approximately at the same latitude/northing (to the left).
Distances and elevations are in feet
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Figure 6.8. W-E interpreted 2D ERT profile 13 immediately to the south of the North Dam.
Rock at elevations below 610 feet is characterized
by resistivity values less than 75 Ohm-m with two prominent interpreted NNE-SSW lineaments pass through this zone supporting
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Figure 6.8. W-E interpreted 2-D ERT profile 13 immediately to the south of the North Dam. The interpreted top of weathered rock
(highlighted by black line) correlates well with the 45 Ohm-m contour interval. Rock at elevations below 610 feet is characterized
by resistivity values less than 75 Ohm-m with two prominent interpreted NNE-SSW lineaments pass through this zone supporting
the interpretation that rock at depths below an elevation of 610 feet at this location could be moist intensely weathered/fractured
limestone with significant clay infill. Low resistivity zones denoted by (A and B) were interpreted as areas where bedrock is
anomalously porous, permeable, wet and with significant clay infill. These low resistivity zones were interpreted as potentially
significant seepage pathways where water is seeping through the residuum and limestone rock beneath the North Dam.
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Figure 6.9. NNE/SSW-oriented interpreted 2D ERT profile 3.
Rock at elevations below 610 feet is characterized by resistivity values less
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Figure 6.9. NNE/SSW-oriented interpreted 2-D ERT profile 3. The interpreted top of weathered rock (highlighted by black line)
correlates well with the 45 Ohm-m contour interval. Rock at elevations below 610 feet is characterized by resistivity values less
than 75 Ohm-m with two prominent interpreted W-E lineaments and one prominent interpreted NNE-SSW lineament. Low
resistivity zones were interpreted as areas where bedrock is anomalously porous, permeable, wet and with significant clay infill.
Only the seepage pathways beneath the dam are critical. Distances and elevations are in feet.
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Figure 6.10. NNE/SSW-oriented interpreted 2-D ERT profile 10. The interpreted top of weathered rock (highlighted by black line)
correlates with the 45 Ohm-m contour interval. Rock at elevations below 610 feet is characterized by resistivity values less than 75
Ohm-m with two prominent interpreted W-E lineaments and one prominent interpreted NNE-SSW lineament. Low resistivity
zones were interpreted as areas where bedrock is anomalously porous, permeable, wet and with significant clay infill. Only the
seepage pathways beneath the dam are critical. Distances and elevations are in feet.
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Figure 6.10. NNE/SSW-oriented interpreted 2D ERT profile 10. The interpreted top of weathered rock (highlighted by black line)
correlates with the 45 Ohm-m contour interval. Rock at elevations below 610 feet is characterized by resistivity values less than 75
Ohm-m with two prominent interpreted W-E lineaments and one prominent interpreted NNE-SSW lineament. Low resistivity
zones were interpreted as areas where bedrock is anomalously porous, permeable, wet and with significant clay infill. Only the
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Figure 6.11. Field seismic record acquired at MASW location 10 at the 60 foot station on ERT profile 12. Vertical axis is in
milliseconds; horizontal axis is in feet.
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Figure 6.11. Field seismic record acquired at MASW location 10 at the 60 foot station on ERT profile 12. Vertical axis is in
milliseconds; horizontal axis is in feet.
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Figure 6.12. Phase velocity vs. frequency plot generated for the field seismic record acquired at MASW location 8. The picked
dispersion curve is highlighted using dashed white line. Vertical axis is phase velocity in feet/second; horizontal axis is frequency in
hertz.
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Figure 6.13. 1-D MASW profile. MASW data were acquired transversely to ERT
traverse. Shear-wave velocity greater than 1000 ft./s represent the top of weathered
rock. Top of intact rock identified by shear-wave velocity greater than 2500 ft./s.

Figure 6.13. 1-D MASW profile. MASW data were acquired transversely to ERT
traverse. Shear-wave velocity greater than 1000 ft./s represent the top of weathered
rock. Top of intact rock identified by shear-wave velocity greater than 2500 ft./s.
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Figure 6.14. 2-D ERT profile with superposed corresponding 1-D shear-wave velocity profile generated for
the field seismic record acquired at MASW location 8 represents the correlation of the interpretation of ERT
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Figure 6.14. 2-D ERT profile with superposed corresponding 1-D shear-wave velocity profile generated for
the field seismic record acquired at MASW location 8 represents the correlation of the interpretation of ERT
and MASW. The interpreted MASW top of weathered rock (at ~2 ft. depth) is highlighted in red. The
interpreted MASW top-of-competent rock (at ~54 ft. depth) is highlighted in red. The corresponding
interpreted ERT top of weathered rock is at a depth of ~7 ft. depth.
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Figure 6.15. I-D shear velocity model profile 8.

Table 6.2. Comparison of ERT and MASW profile interpretations. MASW location 8 ties
ERT profile 12 at station 60.

Profile

Soil
thickness
(ft.)

Soil
velocity
(ft./s)

Depth to
intact rock
(ft.)

Velocity to
intact rock
(ft./s)

MASW

~2 ft. depth

<600

~54 ft. depth

>2500

ERT ties @
station 60

~7 ft. depth

not imaged on
ERT profile 12
at station 60
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Figure 6.16. Contoured plot of the acquired SP data at the study site. Distances in
feet. (SP1, SP2 and SP3) areas where moisture is interpreted as seeping vertically
into the subsurface are highlighted in red. Areas where SP data could not be acquired
(ponded water) are highlighted in black.

Figure 6.16. Contoured plot of the acquired SP data at the study site. Distances in
feet. (SP1, SP2 and SP3) areas where moisture is interpreted as seeping vertically
into the subsurface are highlighted in red. Areas where SP data could not be acquired
(ponded water) are highlighted in black.
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Figure 6.17. Chesterfield study site contoured plot of the acquired SP data.
(SP1, SP2 and SP3) areas where moisture is interpreted as seeping vertically into
the subsurface are highlighted in red. Areas where SP data could not be acquired
(ponded water) are highlighted in black.

Figure 6.17. Contoured plot of the acquired SP data at the study site. (SP1, SP2 and
SP3) areas where moisture is interpreted as seeping vertically into the subsurface
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Figure 6.18. Map of locations and orientations of the lineaments at study site. These
lineaments are interpreted to be zones where bedrock below 610 feet is more
intensely fractured and where solution-widening has occurred. The letters (A and B)
designate seepage zones through the rock beneath the dam where larger volumes of
water are most likely to be seeping.

Figure 6.18. Map of locations and orientations of the lineaments at study site. These
lineaments are interpreted to be zones where bedrock below 610 feet is more
intensely fractured and where solution-widening has occurred. The letters (A and B)
designate seepage zones through the rock beneath the dam where larger volumes of
water are most likely to be seeping.
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Figure 6.19. Variations in the elevations of top of weathered rock as identified in
interpreted acquired ERT data. The top of weathered rock elevations map is
consistent with the Geotechnology report and the top of weathered rock as
identified on the interpreted MASW shear-wave velocity profiles. Top of
weathered rock as cited in the Geotechnology does not appear to be consistent
with the top of rock as cited in the Strata Services of Shannon & Wilson report,
shallow weathered rock encountered at the Geotechnology test pit termination
depths and backhoe refusal depths is referred to as residuum.

Figure 6.19. Variations in the elevations of top of weathered rock as identified in
interpreted acquired ERT data. The top of weathered rock elevations map is
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7. DISCUSSIONS AND INTERPRETATIONS

Observations of the presence or absence of seepage, the type and occurrence of
karst features, the characteristics of bedrock (widening joints, solution features) and the
monitoring of water elevations can be made. Subsurface conditions at the dam or lake can
often be inferred by surface conditions downstream from the dam.
When potential problems associated with leakage and structure, collapses are
suspected. Geophysical surveys using ERT, MASW, and SP methods may be used to
explore the lake bottom to determine shallow subsurface conditions. Geophysical and
geotechnical techniques can be used at the Lake Chesterfield study site to determine
depth to bedrock, quality of material over bedrock, the presence of karst features, and to
estimate the cost of repairing.
Significant observations and interpretations are made based on the analyses of the
geophysical and geotechnical data acquired at the Lake Chesterfield site;
1. As mapped in the acquired ERT data, the top of rock in the study area is typically
at an elevations of between 640 ft. and 650 ft. and consistent with the top of rock
elevation reported by Shannon & Wilson.
2. As mapped in the acquired ERT data, the top of rock is consistent with the top of
weathered rock based on the test pit termination depths.
3. Zones of low resistivities and relatively low shear-wave velocities represent rock
at elevations above 610 ft. This implies that it is intensely weathered and very
moist in places.

80
4. Conduits for laterally and vertically flowing groundwater is dissected by solutionwidened fractures.
5. The base of the dam is at an elevation of approximately 640 ft. and appears to
have been constructed on weak rock.
6. Resistivity values of less than 45 Ohm-m represent moist clayey soil. Moist
intensely weathered/fractured limestone with significant clay infill is
characterized by resistivity values of less than 75 Ohm-m. Moist
weathered/fractured limestone is characterized by resistivity values between (75
and 250 Ohm-m). More intact and/or drier limestone is characterized by
resistivity values greater than 250 Ohm-m.
7. Rock at elevations of between 610 ft. and 630 ft. is comprised mostly of moist
weathered/fractured limestone with significant clay infill to moist intensely
weathered/fractured limestone with significant clay infill.
8. Rock at elevations above 610 ft. is typically characterized by shear-wave
velocities consistent with that of stiff soil, very dense soil and/or soft rock. This
weak rock probably serves as a conduit for laterally flowing groundwater
(including seepage from the lake). These observation suggest that the North Dam
is placed on weak rock.
9. Clay liner was placed on up to 30 ft. of weak rock. The clay liner could be
breached in places by the weight of the overlying water. Water could flow
through the breach and into the underlying weak rock.
10. Shear-wave velocities in rock at elevations below 610 ft. are consistent with either
soft rock or rock, except where interpreted solution-widened joints are present.
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11. The near-vertical solution-widened fractures formed from pre-existing fractures
widened over time by the dissolution of limestone caused by slightly acidic
groundwater, probably serve as conduits for laterally and vertically flowing
groundwater (including seepage from the lake).
12. At locations where water probably seeps through rock beneath the North Dam,
interpreted solution-widened joints appear to extend beneath the dam.
13. At locations where grouting is considered to be a potentially viable mitigation
option, drilling test boreholes is recommended to ensure these probable seepage
pathways.
14. Drilling test boreholes at probable seepage locations is recommended to ensure
the probable seepage pathways.
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8. CONCLUSIONS

The following conclusions have been reached based on the analyses of the
acquired geophysical data and available geotechnical reports:
1. Geophysical techniques are very good methods for mapping bedrock in karst
landscape as a result of their general worth, exactness, usability, and costviability. It is concluded that the interpreted top of weathered rock in the study
area correlates reasonably well with the 45 Ohm-m contour interval (on ERT
data) and the 1000 ft./s contour (on MASW data). ERT top of rock is consistent
with Geotechnology and previous acquired ERT data top of rock.
2. According to the NEHRP Classification System, soft rock is defined as having a
shear-wave velocity in excess of 1200 ft./s. Earth material with a velocity of 1000
ft./s is defined as stiff soil. The ERT interpreted top of weathered rock is
relatively consistent with top of weathered rock elevations based on test pit
termination depths or backhoe refusal depths cited in (the Geotechnology section
of the report prepared by Shannon & Wilson). The top of weathered rock cited by
Geotechnology test pit termination depths does not appear to be consistent with
the top of rock as cited in the Strata Services section of the Shannon & Wilson
report. As identified on the interpreted MASW shear-wave velocity profiles
which is characterized by velocities that are more consistent with residuum (stiff
soil) than solid rock, the Strata Services section encountered the shallow
weathered rock at the Geotechnology test pit termination depths and backhoe
refusal depths is referred to as residuum.
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3. Strata Services referred to (layers 2 and 3) as soil. This implies dam was built on
very weak rock at best. According to the figures presented in the Shannon &
Wilson report, it implies that the base of the North Dam was constructed on weak
rock and is at an elevation of approximately 640-645 ft.
4. Top of weathered rock of the study site that interpreted by ERT and MASW data
are situated at average 9 to 10 ft. below the surface. This result is consenting with
the test pit results generated by Geotechnology, Inc. in the ‘Subsurface
Exploration – Dams and Lakes’ report.
5. Geotechnology (using backhoes and augers at a few locations) identified the
weathered limestone (typically at shallow depths; ~10 ft) as top of rock. Strata
Services drilled through this upper layer (using rotary drill) when they attempted
to grout beneath the crest of the dam. Strata Services referred to upper two
shallow rock units as residuum (rock weathered to the point where it should be
classified as soil). On ERT profiles, the top of rock at the same depth as
Geotechnology. On MASW profiles, shallow rock (mostly) has a shear wave
velocity consistent with that of soil.
6. Shallow rock (rock at elevations above 610 feet) is characterized by relatively low
resistivity values and low shear-wave velocities. Most of the shallow rock in the
study area is interpreted to be either moist weathered/fractured limestone or
intensely weathered/fractured limestone with significant clay infill. According to
the NEHRP Classification System, some of the shallow earth materials we are
interpreting as soft rock would be defined as stiff soil. The author does not believe
bedrock to the west and east of the Caulk’s creek bed is so intensely weathered.

84
7. Except where dissected by lineaments, rock at elevations below 610 feet is
significantly more resistive and significantly higher velocity than the overlying
rock. This indicates that rock at elevations below 610 feet generally contains less
moisture and clay and is significantly more intact.
8. Vertical joints narrow with depth and tend to become plugged with clay
over time. Some water (relatively small amounts) undoubtedly does seeps
vertically into the subsurface along solution-widened joints (to significant depth).
However, if large volumes of water flowed vertically into the subsurface,
relatively little water would flow beneath the dam (and significant water does
flow beneath the dam).
9. The author concludes that grouting beneath the dam is useless if significant
volumes of water flows vertically into the subsurface (instead of horizontally
beneath the dam).
10. The study area appears to be dissected by NNE/SSW and W/E trending prominent
solution-widened joint sets (vertical fractures). These fractures appear to serve as
conduits for seeping or flowing lake water.
11. Seepage beneath the North Dam appears to occur primarily at two locations. Two
prominent zones of low resistivity are identified on ERT profile 13 and (denoted
by A and B). These two low resistivity zones are interpreted as potentially
significant seepage pathways beneath the North Dam. These zones are capable of
transporting hundreds to possibly thousands of gallons/ minute of leakage from
the lake basin area into void space within the underlying residuum and limestone
bedrock. This conclusion is supported by the dye injection test that indicates
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water flows beneath the dam and downstream along Caulk’s Creek. Dye test and
expectation water flowing along Caulk’s creek weathered the rock beneath the
lake bed extensively over the past 10,000 years.
12. Assessment of the acquired geophysical data indicates that many joint sets are
identified. NNW/SSE and W/E trending prominent solution-widened joint sets
(lineaments) were identified in the study site. The interpreted prominent solutionwidened joint sets (on ERT data) appear to extend to elevations below 610 feet.
According to the figures presented in the Shannon & Wilson report, it implies that
the base of the North Dam was constructed on weak rock and is at an elevation of
approximately 640-645 feet. Joints extend to elevations significantly below 610
feet expected to serve as conduits for vertically percolating or flowing lake and
water may seep beneath the North Dam in places through this weak rock.
13. The seepage pattern is controlled by the bedrock topography and preferential
seepage pathways exist beneath the base of the dam may correspond to weak
rock. Results support the assumption that increasing leakage of the dam site may
be caused by the solution-widening of joints. According to interpreted ERT data,
rock at elevations above 610 feet across most of the Lake Chesterfield study area
is intensely weathered. It is identified as highly permeable and prone to loss of
water due to seepage. Also, the dam was constructed in a karst area that prone to
the formation of sinkholes due to solutioning of the limestone bedrock. The lake
and the dam should continue to be monitored for signs of leakage by tracking the
dropping of water elevations. Results may support that increasing leakage at the
base of the dam can be caused by recent karstification (new developing sinkholes
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and solution-widening joints) which are activated after filling the dam, possibly
leading to serious problems.
14. According to the report generated by Geotechnology, Inc., North Dam was built
at elevation 645 ft. with 5 ft. extended cutoff trench. Base on the survey in this
study that means the dam was built on poor-quality rock on assumption that no
water flow happened at this depth that could easily develop karst feature. After
filling of water, the pressure will increase and create the seepage pipe beneath the
dam and cause the leakage issue.
15. The upper layer of weathered rock was identified as top of rock by
Geotechnology and serves as the foundation of the dam. Strata Services, in
contrast, refers to both the upper weathered layer and intensely weathered layer of
rock as residuum. Strata Services reports that they were unable to effectively
grout the upper and middle layer of rock in places beneath the dam because of the
rapidly flowing water. This observation by Strata Services supports the author’s
conclusion that increasing leakage of dam site may be caused by water flow
mostly through weathered to intensely weathered rock beneath the dam.
16. If the resistivity anomaly was not caused by the metal drain, low resistivity areas
could be highly weathered rock with significantly clay infill and served as
potential seepage pathway through the North Dam.
17. Due to the processed ERT data by Shannon & Wilson surveys lines, the results
determined that the bedrock at the western part of the lake was in relatively good
condition based on line 3 of the 2-D model of ERT. Low resistivity zones
detected in the western part of ERT line 1 and the northern part of ERT line 2,
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which is located near the existing sinkhole. No significant east west trending
seepage pathways were detected along line 2, and no concerns with solution
features along the western shore.
18. As defined in Shannon & Wilson ERT, intensely weathered rock continued to all
the bottom of the lake from south to north. The weathered rock overlays the
competent rock layer throughout the site.
19. The discovered sinkhole is located in the weak base of the relatively weak
condition bottom where dissolution in weak limestone in shallow rock occurred
when water get between the clay liner and the lower layer of the rock. When dam
filled of water, the weak, porous, and permeable rock had broken which cause the
breaking of clay liner. Water pressure caused the clay layer to breach in some
places. Seeping water flowed to the north along the stream bed beneath the dam
through weathered and intensely weathered layers and holes beneath the dam.
20. According to the interpreted ERT and MASW profiles. It is concluded that the
condition of rock in the eastern and the western edges of the lake is good.
21. Water normally flows through weak zones toward the north. No water flow
towards eastern or western shorelines is detected according to the interpreted ERT
and MASW profiles.
22. Due to the rock relatively good conditions of the lake sides, no grouting work
needed to be done on the lake western and eastern edges.
23. Sealing the dissolution zones beneath the lake bed and the dam base may solve
the leakage problem.
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24. The author believes bedrock is intensely weathered beneath the old Caulk’s Creek
pathway. The author does not believe bedrock to the west and east of the Caulk’s
creek bed is so intensely weathered. This conclusion is supported by the dye
injection test that indicates water flows beneath the dam and downstream along
Caulk’s Creek.
25. The author believes the lake leaks when the weight of the overlying water
breaches the clay blanket, probably in places where the upper layer of rock is thin,
weak or absent and/or the underlying layer is intensely weathered. The water then
flows beneath the dam through this underlying layer of rock.
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9. RECOMMENDATIONS

The stability of the North Dam is a top priority for public safety, assuming the
lake is functional and holding water. It is recommended that the lake levels should be
monitored and tracked as it rises and report periodic changes.
Further consultation with a qualified geotechnical engineering should be
accomplished to determine if the assumption flow of water through the weathered rock in
places beneath the North Dam could cause subsidence of the crest of the dam in places.
Also to eliminate the lake seepage issues and develop corrective actions to assure the
long-term stability and safety beneath the North Dam in the most cost-effective manner.
If further geotechnical engineering investigations are warranted, it should focus initially
on the two identified zones of anomalously low resistivity shown in ERT profile (13).
Based on geophysical and geotechnical studies and test pits boreholes data,
grouting the identified seepage pathways in the lake bed using grout curtain across the
base of the dam is suggested to minimize leakage as an alternate approach that is
recommended as a mitigation plan.
The most effective mitigation option would be grouting of weak, porous and
permeable weathered rock layers beneath the base of the dam.
Additional drilling test boreholes and geophysical data at the two locations might
be acquired across the areas to be grouted.
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APPENDIX A.
INTERPRETED VERSIONS OF ERT PROFILES WITH INTERPREATIONS
ARE PRESENTED AS FIGURES A1-A17
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Figure A1. NNE/SSW-oriented interpreted 2D ERT profile 1. Moist clayey soil is typically characterized by
resistivity values of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay
infill is typically characterized by resistivity values less than 75 Ohm-m. Moist weathered/fractured limestone is
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Figure A1. NNE/SSW-oriented interpreted 2D ERT profile 1. Moist clayey soil is typically characterized by
resistivity values of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay
infill is typically characterized by resistivity values less than 75 Ohm-m. Moist weathered/fractured limestone is
typically characterized by resistivity values between (75 and 250) Ohm-m. More intact and/or drier limestone is
typically characterized by resistivity values greater than 250 Ohm-m. The interpreted top of rock correlates well
with the 45 Ohm-m contour interval. Distances and elevations are in feet.
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Figure A2. NNE/SSW-oriented interpreted 2D ERT profile 2. Moist clayey soil is typically characterized by resistivity values of
less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically characterized by
resistivity values less than 75 Ohm-m. Moist weathered/fractured limestone is typically characterized by resistivity values
between 75 Ohm-m and 250 Ohm-m. More intact and/or drier limestone is typically characterized by resistivity values greater
than 250 Ohm-m. The interpreted top of rock correlates well with the 45 Ohm-m contour interval.
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Figure A3. NNE/SSW-oriented interpreted 2D ERT profile 3. Moist clayey soil is typically characterized by resistivity
values of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically
characterized by resistivity values less than 75 Ohm-m. Moist weathered/fractured limestone is typically characterized by
resistivity values between 75 Ohm-m and 250 Ohm-m. More intact and/or drier limestone is typically characterized by
resistivity values greater than 250 Ohm-m. The interpreted top of rock correlates well with the 45 Ohm-m contour interval.
Distances and elevations are in feet.
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Figure A3. NNE/SSW-oriented interpreted 2D ERT profile 3. Moist clayey soil is typically characterized by resistivity
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Figure A4. NNE/SSW-oriented interpreted 2D ERT profile 4. Moist clayey soil is typically characterized by resistivity
values of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically
characterized by resistivity values less than 75 Ohm-m. Moist weathered/fractured limestone is typically characterized by
resistivity values between 75 Ohm-m and 250 Ohm-m. More intact and/or drier limestone is typically characterized by
resistivity values greater than 250 Ohm-m. The interpreted top of rock correlates well with the 45 Ohm-m contour
interval. Distances and elevations are in feet.
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Figure A4. NNE/SSW-oriented interpreted 2D ERT profile 4. Moist clayey soil is typically characterized by resistivity
values of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically
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Figure A5. NNE/SSW-oriented interpreted 2D ERT profile 5. Moist clayey soil is typically characterized by resistivity values
of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically characterized by
resistivity values less than 75 Ohm-m. Moist weathered/fractured limestone is typically characterized by resistivity values
between 75 Ohm-m and 250 Ohm-m. More intact and/or drier limestone is typically characterized by resistivity values greater
than 250 Ohm-m. The interpreted top of rock correlates well with the 45 Ohm-m contour interval. Distances and elevations
are in feet.
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Figure A5. NNE/SSW-oriented interpreted 2D ERT profile 5. Moist clayey soil is typically characterized by resistivity values
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Figure A6. NNE/SSW-oriented interpreted 2D ERT profile 6. Moist clayey soil is typically characterized by resistivity values
of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically characterized by
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Figure A6. NNE/SSW-oriented interpreted 2D ERT profile 6. Moist clayey soil is typically characterized by resistivity values
of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically characterized by
resistivity values less than 75 Ohm-m. Moist weathered/fractured limestone is typically characterized by resistivity values
between 75 Ohm-m and 250 Ohm-m. More intact and/or drier limestone is typically characterized by resistivity values greater
than 250 Ohm-m. The interpreted top of rock correlates well with the 45 Ohm-m contour interval.
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Figure A7. NNE/SSW-oriented interpreted 2D ERT profile 7. Moist clayey soil is typically characterized by resistivity
values of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically
characterized by resistivity values less than 75 Ohm-m. Moist weathered/fractured limestone is typically characterized by
resistivity values between 75 Ohm-m and 250 Ohm-m. More intact and/or drier limestone is typically characterized by
resistivity values greater than 250 Ohm-m. The interpreted top of rock correlates well with the 45 Ohm-m contour interval.
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Figure A8. NNE/SSW-oriented interpreted 2D ERT profile 8. Moist clayey soil is typically characterized by resistivity values of
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Figure A8. NNE/SSW-oriented interpreted 2D ERT profile 8. Moist clayey soil is typically characterized by resistivity values of
less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically characterized by
resistivity values less than 75 Ohm-m. Moist weathered/fractured limestone is typically characterized by resistivity values between
75 Ohm-m and 250 Ohm-m. More intact and/or drier limestone is typically characterized by resistivity values greater than 250
Ohm-m. The interpreted top of rock correlates well with the 45 Ohm-m contour interval. Distances and elevations are in feet.
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Figure A9. NNE/SSW-oriented interpreted 2D ERT profile 9. Moist clayey soil is typically characterized by resistivity
values of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically
characterized by resistivity values less than 75 Ohm-m. Moist weathered/fractured limestone is typically characterized by
resistivity values between 75 Ohm-m and 250 Ohm-m. More intact and/or drier limestone is typically characterized by
resistivity values greater than 250 Ohm-m. The interpreted top of rock correlates well with the 45 Ohm-m contour interval.
Distances and elevations are in feet.
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Figure A9. NNE/SSW-oriented interpreted 2D ERT profile 9. Moist clayey soil is typically characterized by resistivity
values of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically
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Figure A10. NNE/SSW-oriented interpreted 2D ERT profile 10. Moist clayey soil is typically characterized by resistivity values
of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically characterized by
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Figure A10. NNE/SSW-oriented interpreted 2D ERT profile 10. Moist clayey soil is typically characterized by resistivity values
of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically characterized by
resistivity values less than 75 Ohm-m. Moist weathered/fractured limestone is typically characterized by resistivity values
between 75 Ohm-m and 250 Ohm-m. More intact and/or drier limestone is typically characterized by resistivity values greater
than 250 Ohm-m. The interpreted top of rock correlates well with the 45 Ohm-m contour interval.
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Figure A11. NNE/SSW-oriented interpreted 2D ERT profile 11. Moist clayey soil is typically characterized by resistivity
values of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically
characterized by resistivity values less than 75 Ohm-m. Moist weathered/fractured limestone is typically characterized by
resistivity values between (75 and 250) Ohm-m. More intact and/or drier limestone is typically characterized by resistivity
values greater than 250 Ohm-m. The interpreted top of rock correlates well with the 45 Ohm-m contour interval.
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Figure A12. NNE/SSW-oriented interpreted 2D ERT profile 12. Moist clayey soil is typically characterized by resistivity values
of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically characterized by
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Figure A12. NNE/SSW-oriented interpreted 2D ERT profile 12. Moist clayey soil is typically characterized by resistivity values
of less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically characterized by
resistivity values less than 75 Ohm-m. Moist weathered/fractured limestone is typically characterized by resistivity values
between 75 Ohm-m and 250 Ohm-m. More intact and/or drier limestone is typically characterized by resistivity values greater
than 250 Ohm-m. The interpreted top of rock correlates well with the 45 Ohm-m contour interval.
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Figure A13. W-E interpreted 2D ERT profile 13. Moist clayey soil is typically characterized by resistivity values of less than 45
Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically characterized by resistivity values
less than 75 Ohm-m. Moist weathered/fractured limestone is typically characterized by resistivity values between 75 Ohm-m and
250 Ohm-m. More intact and/or drier limestone is typically characterized by resistivity values greater than 250 Ohm-m. The
interpreted top of rock correlates well with the 45 Ohm-m contour interval. Distances and elevations are in feet.
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Figure A14. W-E interpreted 2D ERT profile 14. Moist clayey soil is typically characterized by resistivity values of less than
45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically characterized by resistivity
values less than 75 Ohm-m. Moist weathered/fractured limestone is typically characterized by resistivity values between 75
Ohm-m and 250 Ohm-m. More intact and/or drier limestone is typically characterized by resistivity values greater than 250
Ohm-m. The interpreted top of rock correlates well with the 45 Ohm-m contour interval. Distances and elevations are in feet.
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Figure A15. W-E interpreted 2D ERT profile 15. Moist clayey soil is typically characterized by resistivity values of
less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically

105

Figure A15. W-E interpreted 2D ERT profile 15. Moist clayey soil is typically characterized by resistivity values of
less than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically
characterized by resistivity values less than 75 Ohm-m. Moist weathered/fractured limestone is typically
characterized by resistivity values between 75 Ohm-m and 250 Ohm-m. More intact and/or drier limestone is
typically characterized by resistivity values greater than 250 Ohm-m.
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Figure A16. W-E interpreted 2D ERT profile 16. Moist clayey soil is typically characterized by resistivity values of less than
45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically characterized by resistivity
values less than 75 Ohm-m. Moist weathered/fractured limestone is typically characterized by resistivity values between 75
Ohm-m and 250 Ohm-m. More intact and/or drier limestone is typically characterized by resistivity values greater than 250
Ohm-m. The interpreted top of rock correlates well with the 45 Ohm-m contour interval. A and B are zones where larger
volumes of water are most likely to be seeping through the rock beneath the North Dam. Distances and elevations are in feet.

106

107

107

Figure A17. W-E interpreted 2D ERT profile 17. Moist clayey soil is typically characterized by resistivity values of less
than 45 Ohm-m. Moist intensely weathered/fractured limestone with significant clay infill is typically characterized by
resistivity values less than 75 Ohm-m. Moist weathered/fractured limestone is typically characterized by resistivity values
between 75 Ohm-m and 250 Ohm-m. More intact and/or drier limestone is typically characterized by resistivity values
greater than 250 Ohm-m. The interpreted top of rock correlates well with the 45 Ohm-m contour interval.
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APPENDIX B.
MASW SHEAR VELOCITY PROFILES WITH INTERPREATIONS
ARE PRESENTED AS FIGURES B1-B11

109

Interpreted MASW top of
weathered rock.

MASW location 1 ties ERT
profile 1 at station 453.

Interpreted MASW top
of competent rock.

Figure B1. 1-D shear-wave velocity profile generated for the MASW field record
acquired at MASW location 1 (Figure 1). The interpreted MASW top of weathered rock
(at ~3 ft. depth) is highlighted in red. The interpreted MASW top-of-competent rock (at
~59 ft. depth) is highlighted in black. The corresponding interpreted ERT top of
weathered rock is at a depth of ~4 ft. depth; the corresponding interpreted ERT top-ofcompetent rock is at a depth of ~60 ft. (Figure 2 and A1).
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Interpreted MASW top of
weathered rock.

MASW location 2 ties ERT
profile 2 at station 300.

Interpreted MASW top
of competent rock.

Figure B2. 1-D shear-wave velocity profile generated for the MASW field record
acquired at MASW location 2 (Figure 1). The interpreted MASW top of weathered rock
(at ~2 ft. depth) is highlighted in red. The interpreted MASW top-of-competent rock (at
~47 ft. depth) is highlighted in black. The corresponding interpreted ERT top of
weathered rock is at a depth of ~4 ft. depth; the corresponding interpreted ERT top-ofcompetent rock is at a depth of ~44 ft. (Figure 2 and A2).
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Interpreted MASW top of
weathered rock.

MASW location 3 ties ERT
profile 3 at station 349.

Interpreted MASW
top of competent
rock.

Figure B3. 1-D shear-wave velocity profile generated for the MASW field record
acquired at MASW location 3 (Figure 1). The interpreted MASW top of weathered rock
(at ~3 ft. depth) is highlighted in red. The interpreted MASW top-of-competent rock (at
~29 ft. depth) is highlighted in black. The corresponding interpreted ERT top of
weathered rock is at a depth of ~4 ft. depth; the corresponding interpreted ERT top-ofcompetent rock is at a depth of ~30 ft. (Figure 2 and A3).
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Interpreted MASW top of
weathered rock.

MASW location 4 ties ERT
profile 3 at station 460.

Interpreted MASW top
of competent rock.

Figure B4. 1-D shear-wave velocity profile generated for the MASW field record
acquired at MASW location 4 (Figure 1). The interpreted MASW top of weathered rock
(at ~4 ft. depth) is highlighted in red. The interpreted MASW top-of-competent rock (at
~69 ft. depth) is highlighted in black. The corresponding interpreted ERT top of
weathered rock is at a depth of ~4 ft. depth; the corresponding interpreted ERT top-ofcompetent rock is at a depth of ~68 ft. (Figure 2 and A3).
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Interpreted MASW top of
weathered rock.

MASW location 5 ties ERT
profile 3 at station 598.

Interpreted MASW top of
competent rock.

Figure B5. 1-D shear-wave velocity profile generated for the MASW field record
acquired at MASW location 5 (Figure 1). The interpreted MASW top of weathered rock
(at ~2 ft. depth) is highlighted in red. The interpreted MASW top-of-competent rock (at
~42 ft. depth) is highlighted in black. The corresponding interpreted ERT top of
weathered rock is at a depth of ~4 ft. depth; the corresponding interpreted ERT top-ofcompetent rock is at a depth of ~37 ft. (Figure 2 and A3).
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Interpreted MASW top of
weathered rock.

MASW location 6 ties ERT
profile 4 at station 550.

MASW location 6 ties ERT
profile 4 at station 550.

Interpreted MASW top of
competent rock.

Figure B6. 1-D shear-wave velocity profile generated for the MASW field record
acquired at MASW location 6 (Figure 1). The interpreted MASW top of weathered rock
(at ~2 ft. depth) is highlighted in red. The interpreted MASW top-of-competent rock (at
~48 ft. depth) is highlighted in black. The corresponding interpreted ERT top of
weathered rock is at a depth of ~4 ft. depth; the corresponding interpreted ERT top-ofcompetent rock is at a depth of ~32 ft. (Figure 2 and A4).
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Interpreted MASW top of
weathered rock.

MASW location 7 ties ERT
profile 10 at station 670.

Interpreted MASW top of
competent rock.

Figure B7. 1-D shear-wave velocity profile generated for the MASW field record
acquired at MASW location 7 (Figure 1). The interpreted MASW top of weathered rock
(at ~3 ft. depth) is highlighted in red. The interpreted MASW top-of-competent rock (at
~47 ft. depth) is highlighted in black. The corresponding interpreted ERT top of
weathered rock is at a depth of ~4 ft. depth; the corresponding interpreted ERT top-ofcompetent rock is not imaged on ERT profile 10 at station 670 (Figure 2 and A10).
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Interpreted MASW top of
weathered rock.

MASW location 8 ties ERT
profile 12 at station 60.

Interpreted MASW top of
competent rock.

Figure B8. 1-D shear-wave velocity profile generated for the MASW field record
acquired at MASW location 8 (Figure 1). The interpreted MASW top of weathered rock
(at ~2 ft. depth) is highlighted in red. The interpreted MASW top-of-competent rock (at
~54 ft. depth) is highlighted in black. The corresponding interpreted ERT top of
weathered rock is at a depth of ~7 ft. depth; the corresponding interpreted ERT top-ofcompetent rock is not imaged on ERT profile 12 at station 60 (Figure 2 and A12).
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MASW location 9 ties ERT
profile 12 at station 200.

Interpreted MASW top of
weathered rock.

Figure B9. 1-D shear-wave velocity profile generated for the MASW field record
acquired at MASW location 9 (Figure 1). The interpreted MASW top of weathered rock
(at ~32 ft. depth) is highlighted in red. The interpreted MASW top-of-competent rock is
not imaged. The corresponding interpreted ERT top of weathered rock is at a depth of
~16 ft. depth; the corresponding interpreted ERT top-of-competent rock is at a depth of
~43 ft. (Figure 2 and A12).
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MASW location 10 ties ERT
profile 12 at station 800.
Interpreted MASW top of
weathered rock.

Interpreted MASW top of
competent rock.

Figure B10. 1-D shear-wave velocity profile generated for the MASW field record
acquired at MASW location 10 (Figure 1). The interpreted MASW top of weathered rock
(at ~4 ft. depth) is highlighted in red. The interpreted MASW top-of-competent rock (at
~47 ft. depth) is highlighted in black. The corresponding interpreted ERT top of
weathered rock is at a depth of ~5 ft. depth; the corresponding interpreted ERT top-ofcompetent rock is at a depth of ~36 ft. (Figure 2 and A12).
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Interpreted MASW top of
weathered rock.

MASW location 11 ties ERT
profile 7 at station 200.

MASW location 11 ties ERT
profile 7 at station 200.

Interpreted MASW top of
competent rock.

Figure B11. 1-D shear-wave velocity profile generated for the MASW field record
acquired at MASW location 11 (Figure 1). The interpreted MASW top of weathered rock
(at ~4 ft. depth) is highlighted in red. The interpreted MASW top-of-competent rock (at
~51 ft. depth) is highlighted in black. The corresponding interpreted ERT top of
weathered rock is at a depth of ~5 ft. depth; the corresponding interpreted ERT top-ofcompetent rock is at a depth of ~66 ft. (Figure 2 and A12).
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